Abstract The relationship between the effective intracapillary pressure and the effective pericapillary pressure following blood withdrawal and retransfusion was studied. Change in the effective pericapillary pressure was estimated from the transcapillary pressure difference determined from the amount of transcapillary fluid shift and the effective intracapillary pressure. The estimated alteration in the effective intracapillary pressure ranged from 1 to 7 mmHg in blood withdrawal and retransfusion (15% of estimated blood volume). The transcapillary pressure difference, or effective pressure gradient for fluid movement between intracapillary and pericapillary space, was within about 0.5 mmHg when the whole body filtration coefficient obtained by us was used. The effective pericapillary pressure closely followed the effective intracapillary pressure. In other words, change in intracapillary pressure elicits a rapid shift of vascular or interstitial fluid and the effective pericapillary pressure equilibrates rapidly with the intracapillary pressure.
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The importance of the transcapillary fluid shift for blood volume restoration following hemorrhage has been studied previously (CHIEN, 1958 ; PIRKLE and GANN, 1976) . The fluid shift due to hemorrhage has been reported to occur at two different stages: one is the consequence of short-term regulation which occurs within 2 hr and the other of long-term regulation which occurs thereafter. In the short-term regulation, the fluid shift is mainly regulated by so-called Starling forces (PIRKLE and GANN, 1976) .
Attempts have been made to estimate components of the Starling forces using various techniques, for example, isogravimetric, capsule or wick catheter methods (GuYTON, 1975) . However, these studies are made on small portions of the vascular bed and little attention has given to whole animal studies. Furthermore, no information is available concerning the dynamic relationship between intracapillary and pericapillary parameters.
Determination of the filtration coefficient in whole animal studies has been accomplished in our laboratory (TANAKA, 1979; MORIMOTO et al., 1981) . In the present study, the rate of fluid movement across the capillary wall was monitored by continuous measurement of circulating blood volume. Using the filtration coefficient and the rate of transcapillary fluid shift, the transcapillary pressure difference responsible for the fluid shift was determined in vivo. The relationship between the effective intracapillary pressure and effective pericapillary pressure was also determined following blood withdrawal or retransfusion.
METHODS
Surgical procedure and measurements. Experiments were performed on 8 mongrel male dogs weighing 7-15kg. All dogs were splenectomized a week prior to investigation. On study days, anesthesia was induced with thiopental sodium (25 mg/kg). Each dog was weighed, placed in the supine position, intubated and ventilated with 1-2% halothane in 30% O2-70% N2O by means of a volume-limited respirator. The ventilation rate was set at 10-15 times/min with a tidal volume of about 300 ml. Experimental protocol. After control measurements for 10 min, 15% of the measured circulating blood volume was withdrawn during a 10-min span into the blood reservoir. After maintaining blood volume at this level for 50 min, the blood withdrawn was retransfused from the reservoir into the animal over 10 min and maintained at this level for another 50 min. For the blood withdrawal or retransfusion, the flow rate from the pump on the arterial side was fixed at 40 ml/min; that from the pump on the venous side was controlled by a photo-cell liquid level detector and a mini-computer (HITAC-10). For control and recovery periods, the pump rates for the venous and arterial flows were equal. For blood withdrawal or retransfusion, the blood volume in the reservoir was modified by changing the rate of pump on the venous side using the CPU.
Calculations.
Starling's equation describing the movement of fluid between the intracapillary and pericapillary space was modified as follows: The transcapillary pressure difference across the capillary wall, is given by dividing F(t) by Kf. F(t) was obtained by the differentiation of the transcapillary fluid shift with respect to time. Determination of Kf on the whole body has been reported by us and compared with the reported values for various organs (Table 1) . where Ra/Rv is the pre-to-postcapillary resistance ratio. The range of reported values for Ra/Rv(4.0-9.0) was used for our analyses. IIp(t) was measured directly, and 6 was assumed as 1. (Ra/Rv-9.0) to-6.99 mmHg (Ra/Rv=4.0) for blood withdrawal, and from 2.82 mmHg (Ra/Rv=9.0) to 4.86 mmHg (Ra/Rv=4.0) for retransfusion. Thereafter, the effective intracapillary pressure recovered gradually to the control value under both circumstances. From 30 to 50 min after the end of blood volume modification, the effective intracapillary pressure was more or less steady ranging from-2.53 mmHg (Ra/Rv=9.0) to-4.86 mmHg (Ra/Rv=4.0) in blood withdrawal and from 0.89 mmHg (Ra/Rv-9.0) to 1.33 mmHg (Ral Rv=4.0) in retransfusion. 1.0) in blood withdrawal and from 2.4 mmHg (Kf=0.1) to 1.0 mmHg (Kf=1 .0) in retransfusion. It is noteworthy that: (1) the effective pericapillary pressure follows the effective intracapillary pressure very closely, especially when high Kf values are used, and (2) after the first 10-min span following blood volume modification, effective pericapillary pressure becomes almost equal to intracapillary pressure.
A similar relationship was observed between effective intracapillary pressure and effective pericapillary pressure when the value of 4.0 or 9.0 was used for the Ra/Rv ratio.
DISCUSSION
The interstitial fluid compartment plays an important role in blood volume regulation (GAuER et al., 1970) . The sharing of extracellular fluid between intravascular and interstitial fluid spaces depends upon the physical characteristics of the interstitial and intravascular compartments.
The present study is concerned with the short-term fluid shift across the capillary wall following blood volume modification. The rate of transcapillary fluid Vol.31, No.6, 1981 shift [F(t), ml/(kg• min)] divided by the capillary filtration coefficient (Kf, ml/(kg min• mmHg)) gives the transcapillary pressure difference. The availability of techniques enabling us to perform the continuous measurement of circulating blood volume enabled estimation of sequential changes in the F(t) in vivo. The effective intracapillary pressure was obtained by subtracting IIp(t) from Pc(t), estimated from Pa(t) and Pv(t). Thus is possible to determine the dynamic relationship between the effective intracapillary pressure and effective pericapillary pressure.
For the calculation of the transcapillary pressure difference, it was necessary to obtain a Kf value determined in vivo for the whole body in each experiment. Kf values determined in this manner in our laboratory are summarized in Table  1 together with the reported values for various organs. Assuming that the Kf value of muscle (0.1) is representative of the whole body, the maximum transcapillary pressure difference becomes-2.85 mmHg in blood withdrawal and 3.35 mmHg in retransfusion (Fig. 4) . On the other hand, when such a high value of Kf as that for the intestine (4.0) is used, the transcapillary pressure difference becomes almost 0 mmHg throughout the experiment. Consequently, the transcapillary pressure difference can be regarded as within the range of 0 to 3.35 mmHg. When the whole body Kf obtained by us is used for the calculation, the peak value of transcapillary pressure difference becomes-0.48 mmHg (Kf=0.596) in blood withdrawal and 0.40 mmHg (Kf=0.846) in retransfusion.
There is no direct evidence on the dynamic behavior of the whole body Ra/Rv ratio. LEONARD and ABBRECHT (1973) showed, using a simulation analysis, that the Ra/Rv ratio varied from 4.0 to 4.8 during 1 hr of infusion when 4.0 was used as the initial Ra/Rv ratio. MELLANDER and JOHANSSON (1968) suggested that for a rise of 50 mmHg in mean vascular pressure, the .Ra/Rv ratio in cat skeletal muscle increased by about 25%. BRACE et al . (1977) reported for the dog hindlimb that the Ra/Rv ratio was 8.9 initially but decreased later to 4.0 together with fluid accumulation. All these reports suggest the Ra/Rv ratio is within the range of 4 .0 to 9.0. In this experiment, the range of changes in Pc(t) for the whole body were estimated from Pa(t) and Pv(t) using this range of Ra/Rv ratio . From the 7th to 10th min in blood withdrawal, Pa(t) showed an abrupt fall of about 15 mmHg; this contributed to the alteration in Pc(t) by about 1 .5-3 mmHg. This abrupt fall in Pc(t) characterized the change in effective intracapillary pressure during blood withdrawal and might be attributable to the fall in cardiac output .
At the end of blood volume modification, the estimated change in the effective intracapillary pressure varied from-6 .99 mmHg (Ra/Rv=4.0) to-3.95 mmHg (Ra/Rv=9 .0) in blood withdrawal and from 4.86 mmHg (Ra/Rv=4.0) to 2.08 mmHg (Ra/Rv=9.0) in retransfusion . At this time, the alteration in IIp(t) was-0.39 mmHg in blood withdrawal and 0 .41 mmHg in retransfusion. The effective intracapillary pressure consists of Pc(t) and Hp(t) so that the contribution of IIp(t) to the variation in effective intracapillary pressure at the end of blood volume modification is about 5-10% in blood withdrawal and 10-20% in retransfusion. Thus, during the 10 min of blood volume modification , change in hydrostatic pressure is the main cause of change in effective intracapillary pressure; the plasma colloid osmotic pressure has only a minor role in the observed fluid movement under the moderate blood volume modification used in this research . However, in the equilibrium state , change in the effective intracapillary pressure, estimated with various Ra/Rv ratios , was about 1.0-4.7 mmHg while that in IIp(t) is 0.9 mmHg in both blood withdrawal and retransfusion . The contribution of to the change in effective intracapillary pressure is about 20-30 % in blood withdrawal and 50-100% in retransfusion. Alteration in the plasma colloid osmotic pressure is involved in developing the steady state pressure .
Thus, perturbation in blood volume elicits a rapid hydrostatic change in the intracapillary space such that the pressure balance is disturbed . The unbalance of pressure causes fluid movement across the capillary wall . The time course of the change in IIp(t) suggests that it is induced by dilution or concentration as a result of transcapillary fluid movement such that the transcapillary fluid shift is diminished passively. Vol.31, No.6, As shown in Fig. 6 , change in effective pericapillary pressure was 2.4-6.3 mmHg (Kf=0.3, 1.0) at the end of blood modification and was 1-4 mmHg in the steady state. Change in the hydrostatic pressure of the interstitial space, determined by HOPKINSON et al. (1968) using the capsule method, was about 4 mmHg during hemorrhage (35-45 ml/kg). This is almost the same extent of change in the effective pericapillary pressure as found in the present study. The data obtained in this study does not allow an estimation of the magnitude of change in the pericapillary colloid osmotic pressure [IIpc(t)]. However, the IIpc(t) isrepor ted to change linearly with fluid accumulation (BRACE et al., 1977) , when the protein concentration of the pericapillary space is less than that of the intracapillary space. Therefore, the amount of change in IIpc(t) is expected to be smaller than that in IIp(t). Hence, alterations in effective pericapillary pressure are due mainly to hydrostatic changes in the pericapillary space. The characteristics of the effective pericapillary pressure estimated from our experiments are as follows:(1) changes in the effective pericapillary pressure are almost the same in magnitude as those in the effective intracapillary pressure. (2) The response of the pericapillary pressure to changes in effective intracapillary pressure is very fast. The transcapillary pressure difference is mainly caused by hydrostatic pressure in pericapillary and intracapillary spaces.
Properties of pericapillary pressure have been investigated on isolated systems. GOSHY et al. (1979) showed that the pericapillary pressure response was approximated by that of a first-order system with a single time constant of between 10 and 90 sec enabling a pressure plateau to be established by 3 min in the dog lung. GAUER et al. (1970) also have suggested that the compliance of the vascular bed and interstitial space is almost identical. This means the transcapillary fluid shift causes the same magnitude of pressure change in both the vascular (intracapillary) and interstitial (pericapillary) spaces. In this study, regulatory properties of pericapillary pressure, for the whole body, were investigated. It is suggested that compensatory changes in the effective pericapillary pressure against an effective intracapillary pressure play an important role in the short-term, plasma-pericapillary fluid distribution as well as blood volume restoration after hemorrhage or transfusion.
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